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Abstract
A systematic analysis of polarization effects in a direct write femtosecond laser 3D lithog-
raphy is presented. It is newly shown that coupling between linear polarization of the writing
light electric field and temperature gradient can be used to fine-tune feature sizes in structuring
of photoresists at a nanoscale. The vectorial Debye focusing is used to simulate polarization
effects and a controlled variation up to ∼20% in the linewidth is shown experimentally for the
identical axial extent of the polymerised features. The revealed mechanisms are relevant for
a wide range of phenomena of light-matter interaction at tight focusing in laser-tweezers and
in plasmonic or dielectric sub-wavelength focusing where strong light intensity and thermal
gradients coexist.
Keywords: femtosecond pulses, laser nanolithography, optical 3D printing, polarization, voxel
aspect ratio
Direct laser writing (DLW) is widely used for three-dimensional (3D) material processing and
printing. One of its realizations via polymerization enables free-form fabrication of micro-/nano-
objects down to tens-of-nanometers in spatial resolution.1–4 DLW in polymers is based on curing
a resist (resin) by nonlinear absorption at the focal volume of a tightly-focused high peak power
pulsed laser radiation. Only a very small volume, which can be sub-100 nm in cross sections,
around the focal spot is affected during the pulsed exposure.5–7 Pure optical light delivery at tight
focusing cannot explain the final size of the structure due to the threshold effect of laser mod-
ification via polymerization/cross-linking, thermal effects within the 3D focal volume, and wet
chemistry development which all affect the final shape and size of the 3D structure.8–12 Heat ac-
cumulation at focus defined by pulse repetition rate and scan speed is used to increase productivity
of 3D polymerization and makes thermal issues very important and actively debated.13–15 Polar-
ization effects in laser fabrication in 2D and 3D geometries are now explored in polymerization
by DLW.16–19 Also, stimulated-emission-depletion (STED) control of 3D focal volume,20,21 ori-
entation of deposition of self-organized materials,22,23 melting and oxidation of thin films,24 laser
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ablation,25,26 and as self-organized nano-patterns induced on surface27 are among other polarisa-
tion related phenomena demonstrated recently.
Here a systematic analysis via modeling and experiments is presented to reveal polarization
effects, their influence on the feature size (resolution), and the coupling between thermal gradient
and polarisation in DLW.
To study and demonstrate the polarisation effects, the 3D suspended resolution bridges at var-
ious angles, α , between the linear polarisation and scanning direction were fabricated on a glass
substrate (Fig. 1 inset in (a); see details in the Experimental section). The difference of the line
widths was 10 - 20% (varying exposure) at typical polymerization conditions for the linearly polar-
ized pulses. The largest width of a 3D bridge was observed when scan direction was perpendicular
to the orientation of linear polarization, α = pi/2 (E ⊥ vs). The height-to-width ratio of the sus-
pended lines was dependent on orientation of linear polarization and was changing from 3.07 to
3.44, a self-focusing was not present at our experimental conditions. 1 Detailed analysis of polari-
sation, threshold, and heat accumulation effects which are all important are discussed next.
There are known effects of polarization on the scalar parameters of laser-matter interaction,
such as absorption coefficient and ionization rate.28–31 It is also known that heat conduction flux
(vector) in plasma might be depending on the direction of imposed field.32 In what follows these
effects are considered in succession: (i) the accumulation from the multiple pulses, (ii) effects of
polarization under high-NA focusing, and (iii) influence of the external high frequency electric
field on the electronic heat conduction. The later contribution has not yet been considered in laser
fabrication under tight focusing. All these photomodification mechanisms occur simultaneously
and affect polymerization which takes approximately a millisecond for common photoresists33 at
a > 90% voxel overlap at typical writing velocity of 100µm/s for widespread laser 3D nanolithog-
raphy.34
For the used experimental conditions the focal spot diameter (at 1/e2) can be calculated as
1It was checked that the use of VIS-corrected (400 - 700 nm) microscope objective lenses for the IR (1030 nm)
laser radiation was not causing additional spherical aberrations and was not increasing the aspect ratio of polymerized
bridge lines. The aspect ratio at 515 nm wavelength was 3.00-3.57, almost the same as for 1030 nm case (3.07-3.44)
varying polarization direction at intermediate exposure power/intensity.
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(a) (b) 
(c) 
Figure 1: (a-b) Top-view SEM images of 3D suspended bridges formed out of SZ2080 with 1%
BIS photo-initiator at the same conditions (scanned along the x-axis at velocity vs) except for light
polarization direction: E ‖ vs (or angle α = 0◦) andE⊥ vs (or angle α = 90◦). The width difference
is 10.3% for NA = 1.4 and λ = 1030 nm. The ovals show the FWHM intensity cross section
calculated by vectorial Debye formula Wl×Ws ≡ 500× 360 nm (see Appxendix A for details).
Note, the heat accumulation due to difference of number of pulses per diameter is T longN /T
short
N =
1.59. The inset shows a typical SEM image used for determination of the height of the structures;
height/width from ≈ 3.07 to 3.44. (c) The width and height of 3D suspended bridges at different
angles, α , between scan direction and linear polarization. Numerical aperture NA = 1.4, pulse
energy Ep = 0.97 nJ (at the focus) at 200 kHz repetition rate. The fit line to width data is plotted
as ∼ sin(ϕ); arrow marks direction of scan.
df = 1.22λ/NA = 898 nm assuming Gaussian intensity profile for simplicity. However, at such
tight focusing the vectorial Debye theory (the specifics35 can be found in Appendix A) has to be
used which predicts an ellipsoidal focal spot with two lateral cross sections: Wl = 790 nm and
Ws = 572 nm for long and short cross sections, respectively (or 500 and 360 nm at FWHM) for
the actual experimental conditions and a sin-apodisation function typical for commercial objective
4
lenses.
The dwell time of each pulse at the focal spot of diameter, df, equals to tdw = df/vscan. Thus
the number of pulses per spot at the repetition rate Rrep = 2×105 pulses/s equals to Nspot = tdw×
Rrep. Heat diffusion coefficient for cold resist is similar to that in silica, Ddiff = 10−3 cm2/s.36
Thus, the cooling time of the heated volume, tth = d2f /D, has to be compared with the time gap
between subsequent pulses - 5µs. The heat transfer to the surrounding cold material between the
pulses results in the average temperature drop at the arrival of the next pulse and the temperature
accumulation can be explicitly calculated for the N pulses as:37
TN = T1(1+β +β 2 + ...+βN) = T1
1−βN
1−β , (1)
where β =
√
tth
tth+1/Rrep
. Assuming the same temperature jump, T1 = const, for one pulse regard-
less polarization the accumulation for the two orientations of polarization with respect to the scan
direction at fixed speed vs = 100µm/s should result in significant differences in heat accumulation:
TN ' 6.39T1 (α = 0; Fig. 1(b)) along Wl direction and TN = 4.02T1 (α = pi/2 along Ws) due to
different number of overlapping pulses N. However, in the performed experiments the expected
difference of the line widths up to ∼ 59% was not observed and was up to 20% (applying highest,
near optical damage intensities) whereas about 10% was a typical deviation (applying intermediate
intensities, commonly used for routine DLW lithography fabrication). This matches the previously
reported findings that the shrinkage of polymerized features is conversely proportional to the ap-
plied exposure power (intensity).38
It was found theoretically that the polarization state affects the shape of the focal spot when the
laser beam focuses with high-NA lenses.16,40 Effect starts at NA = 0.2 and at 0.95 it is significant
however not quantified.40 The energy density distribution, wen = (E ·E∗)/16pi of linearly polarized
beam has an elliptical form with the long axis in the E-field direction (Fig. 2(a)). Besides in the
central part of the tightly focused beam the polarization state becomes unidentifiable.
The high-NA focusing and polarization around the focal spot of p-polarized (parallel to the
5
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Figure 2: (a) The calculated focal intensity distribution of a linearly x-polarized 1030 nm wave-
length beam under NA = 1.4 focusing using vectorial Debye theory with sin-apodization function
(see Appendix A for details);39 normalized squares of components of E-field (top row) and their
sum (bottom row). E-field polarization of the incident light is shown by arrows. (b) Schematic
view of polarization under tight focusing, which acquires p- and s-polarization and longitudinal Ez
components.
plane of incidence) beam are considered next (Fig. 2(b)). One can see that in the direction A−C
(plane of incidence) across the focus polarization changed projection with increased contribution
of a perpendicular to the sample surface component and is different from the projection in the B−D
cross section. This effect significantly increases for dense plasma for large angle of incidence.41
The p-pol. always has a stronger absorption in a resist at pre-breakdown conditions while the
beam of circular polarization should experience an average absorption of that between s- and p-
polarizations (See Appendix B for details).
The difference in the energy absorption along the polarization direction ‖might be significantly
higher than in the perpendicular direction ⊥ resulting in elongation of the absorbing area in the
direction of the field as it was observed in the experiments. It is noteworthy that due to the presence
of both lateral Ex and Ey fields (Fig. 2(a)) the p-pol. will be always present at the focal plane
(Appendix B).
Analysis presented above shows how to account for polarisation defined absorption which,
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in turn, defines local temperature in the focal region. Following a general description, the heat
conduction flux in plasma placed into external electro-magnetic field has a form:32
qα =−καβ
∂T
∂xβ
= κ1
∂T
∂xα
+κ2eαeβ
∂T
∂xβ
. (2)
The first term is the conventional heat flow, while the second term relates to the contribution due
to the effect of external field. Here, e= E/E is the unit vector in the direction of the electric field;
κ1,2 are two scalar functions, which can be obtained from the solution of the kinetic equation. Note
that the general form of Eqn. 2 is applicable to the constant external field as well as to the high
frequency field. The second term contribution holds after averaging over the period of the light
oscillation. Thus, it is applicable to the experiments on polymerization by DLW. It follows from
Eqn. 2 that the field-related second term equals to zero when the polarization direction is ⊥ to the
temperature gradient, i.e. exey ≡ 0. Let us now consider effects of linear and circular polarizations
in laser-plasma interactions.
Stationary case. Movement of the laser spot creates different temperature gradients ∇T along
and across the scan direction vs. It is instructive to consider the most simple case of uniform heated
spot and coupling of heat transport with polarization as follows from Eqn. 2 even without scanning.
Linear polarization. The intense laser beam along the normal (z coordinate) produces plasma
spot elongated in direction of polarization (x,y plane) at focus, surrounded by a cold unperturbed
resist. Let us suggest that the temperature is homogeneous in the interior of the focus. Therefore
the temperature gradients are concentrated at the outer boundary of heated spot directed along the
radii from the center to the outside; polarization is linear with the E-field direction along x-axis.
As it follows from Eqn. 2 the field affects the heat flow only along the x-axis, while in the other
parts of heated circle the heat flow is unperturbed because temperature gradient and the field are
perpendicular to each other. Therefore expected effect of the linear polarization is an elongation of
the laser-affected spot in the polarization direction turning a circle into an oval.
Circular polarization. The electric field vector of the incident beam at any moment of time is
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collinear to the temperature gradient directed along the radius of the beam. Thus, the field influence
on a heat flow is evenly distributed along the circle embracing the heated zone leading to the small
change of the zone’s radius at the same absorbed energy density.
The effects of the high-NA focusing and E-field enhanced heat conduction both lead to elon-
gation of the focal spot in the direction of the E-field in the case of linear polarization. Semi-
quantitative estimate for elongation of polymerized region could be calculated as the following.
Conversion of s-pol. light to the p-pol. along the polarization direction as described above results
in significant (up to 20%; see Appendix B) increase in absorption and therefore increasing the
temperature gradient at the edges of the spot and promotes polymerization (cross-linking). Simul-
taneously, heat accumulation is also present due to the difference in the number of pulses per spot
along the scan. The discussed optical and thermal mechanisms are efficient during the pulse time
only. The elongation of the polymerized region might be estimated as the distance which the heat
wave travels during the pulse time transferring the energy to the area unaffected by laser directly,
Lheat =
√
Dτ ' 5.5 nm per pulse. The effect from many consecutive pulses then accumulates in
a qualitative agreement with observations. It follows that the additional polymerization length di-
rectly depends on the laser fluence, wavelength, pulse duration and repetition rate: ∆W ∝ τ
√
Iλ
(Appendix. C).
Polarisation effects are ubiquitous among earlier results on ablation,26 nano-ripple formation
(including using relatively low NA = 0.1− 0.25),42–44 growth of nano-flakes in solution,22 and
controlled melting of films.24 Elongation of fabricated features beyond extent of the focal spot is
clearly shown using short laser pulses. Even at low-NA = 0.25 focusing and ablation of MgF2 at
very high intensity25 there is clear elongation in direction of linear polarisation which is compara-
ble in size with ablation pits for the τ = 1 ps duration and λ = 6.25µm wavelength pulses.
By controlling light energy delivery and absorption via polarisation control described above,
new opportunities to exercise nanoscale precision in 3D polymerisation/printing are opened. Next,
a photonic crystal (PhC) structure was polymerisied for the angular filtering and collimation of
light.45 For such filters, polarisation induced linewidth non-homogeneity causes spatially asym-
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Figure 3: (a) SEM image of a woodpile PhC fabricated with two spatial periods, dxy = 1 and dz
= 6 µm (2 full periods, 8 layers); for a similar arrangement, see ref.45 Galvanometric scanner was
used for PhC polymerization and a monolithic wall was made to reduce deformations. Writing
parameters were: the pulse energy Ep = 0.73 nJ (corresponding to Ip = 1 TW/cm2 intensity. The
line width difference in respect to each other due to polarization is 8% resulting in an asymmetric
gap shown in top right. (b) shows diffraction pattern obtained by focusing (NA = 0.25) a Gaussian
He-Ne probe (λ = 633 nm) on the PhC and projecting the resulting pattern on a screen (a reference
grid artifact can be seen). An asymmetrical diffraction pattern for the DLW polarization oriented
along the PhC X-axis is clearly recognizable on the left side whereby it is symmetrical if pre-
compensated by writing direction on the right side.
metric performance of PhC structures quantifiable by angular divergence in x- and y-directions,
γx,y. Figure 3 shows the PhC structure and its performance as collimating filter. Asymmetry in
diffraction pattern (b) is a signature of the ∼ 10% line width difference (which is enough for the
clear observation) when x- linearly polarised laser beam was scanned along x- and y-directions
when compared with pi/4-tilted beam which makes the same angle with the scan direction.
The proposed analysis can qualitatively explain the action of linear polarized light on the width
and symmetry of the 3D suspended polymerized bridges and PhCs under tight focusing. It is shown
that polarization of incident laser field allows controlling the polymerization process on a scale of
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nanometers on already sub-wavelength 3D patterns.
Heat diffusion is reduced along the linear polarization and causes local over-heating but does
not affect heat flow in the perpendicular direction during the pulse. Absorption is larger for the
p-pol. which contributes to elongation of the polymerized features. The observed effect should
be more pronounced for longer wavelengths, higher pulse energies, and longer pulses according to
∆W ∝ τ
√
Iλ . The coupling between the E and ∇T is explained for the first time and provides new
dimension to control optically nanoscale processes. The ascribed findings demonstrate that the
beam’s polarization can be practically used as the voxel’s aspect ratio tuning parameter and should
be taken into account for precise 3D fabrication of nanostructures such as PhCs and micro-optical
components, yet perhaps can be disregarded for some bulkier objects or larger scale scaffolds.
Experimental
SZ2080 organic-inorganic hybrid material was doped with 4,4’-bis(diethylamino)-benzophenone (BIS) pho-
toinitiator at 1% by weight and was used as a photopolymer (IESL-FORTH).46 A drop of photosensitive
material was heated for 20 min at each of 40, 70, and 90◦C temperatures as a prebake prior to laser poly-
merization. A femtosecond Yb:KGW laser amplifier (Pharos, Light Conversion Ltd.) radiation was used
at a central wavelength λ = 1030 nm with pulse repetition rate Rrep = 200 kHz and pulse duration τ =
300 fs. We used middle range pulse energies from an empirically established fabrication window when 3D
suspended bridges without structural damage are retrieved. This corresponded to the 1.75 mW of average
optical power (measured before the objective) resulting in the 1.16 TW/cm2 intensity/irradiance at the focus
of a 100× magnification objective lens of numerical aperture NA = 1.4; transmission of the optical elements
was taken into account. The diameter of the collimated beam coming to the objective was of 8.5 mm and
the entrance aperture was 6 mm, thus an Airy disk at the focus in the sample could be observed.
During fabrication the samples were translated at a 100µm/s linear velocity commonly used in DLW 3D
nanolithography.1–3,6,33,34,46 After fabrication samples were developed for 30 min in 4-methyl-2-pentanone
bath and critical point drier was employed to avoid structural changes due to capillary forces. All of the
samples were coated with 20 nm thick layer of gold using sputter coater (note, the actual thickness of Au
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on the 3D suspended bridges was smaller). Width and height of 3D suspended lines were examined using
scanning electron microscopy (SEM).
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